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The Rate of Bipolar Spindle Assembly Depends
on the Microtubule-Gliding Velocity
of the Mitotic Kinesin Eg5
bipolar organization, with motor domains at two ends
of a central rod (Figure 1A), and on its ability to crosslink
microtubules in vitro, it has been suggested that Eg5 can
push apart and align microtubules to establish spindle
bipolarity [6, 11, 14]. To understand the precise role
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of Eg5 motor function in spindle formation and to test
models for spindle assembly, we replaced the endoge-
nous motor protein in Xenopus egg extracts with engi-Summary
neered Eg5 mutant proteins with altered but character-
ized motor activities and examine changes in spindleDuring early embryonic cycles, the time required for
shape, size, and assembly rates.mitotic spindle assembly must match the autonomous
cell cycle oscillations because a lack of coordination
between these two processes will result in chromo- In Vitro Characterization of Wild-Type
some segregation errors [1]. Members of the widely and Mutant Eg5
conserved BimC kinesin family are essential for spin- To select amino-acids mutations that would alter Eg5
dle formation in all eukaryotes, and complete loss of motor function, we examined the crystal structure of the
BimC function results in monopolar spindles that have human Eg5 motor domain [15]. We hypothesized that
two spindle poles that are not separated [2–6]. How- mutations in the nucleotide binding pocket would
ever, the precise roles of BimC motor activity in the change motor function by affecting the affinity for ATP/
spindle assembly process are not known. To examine ADP without dramatically altering other aspects of the
the contribution of BimC kinesin’s motor activity to kinesin’s mechano-chemistry. Conserved residues Phe-
spindle assembly, we generated and characterized 113 and Thr-114 are within 6 A˚ of the adenosine ring
mutants of Eg5, a vertebrate BimC kinesin, with re- (Figures 1A and 1B) in the human Eg5 crystal structure.
duced in vitro microtubule-gliding velocities. In Xeno- Mutations in corresponding residues in conventional
pus egg extracts, we replaced endogenous Eg5 with kinesin, Kif5a, have previously been shown to reduce
recombinant wild-type or mutant motor proteins. By microtubule-gliding velocities [16]. Therefore, we mu-
using centrosome-dependent and centrosome-inde- tated Phe-113 to histidine and Thr-114 to serine in Xeno-
pendent spindle assembly assays, we found that mecha- pus Eg5, expressed the full-length proteins in insect
nisms that determine spindle size and shape were ro- cells, and purified them to near homogeneity (Figure
bust to 6-fold reductions in Eg5 motility. However, 1C) (named Eg5-F113H and Eg5-T114S). To characterize
the spindle assembly process was slower when Eg5 these mutant proteins and to compare them to wild-
motor function was impaired. This role of Eg5 was type Eg5, we used three assays. First, we examined
independent of its contribution to centrosome separa- their in vitro motility and found Eg5-F113H and Eg5-
tion. We provide evidence that Eg5 is a rate-limiting T114S to be 45% and 84% slower than wild-type Eg5
component of the cellular machinery that drives spin- (Figure 1D). Second, we examined the steady-state mi-
dle assembly in vertebrates. crotubule-stimulated ATP hydrolysis parameters (Figure
1E) [17]. Consistent with reductions in nucleotide affin-
ity, Km, ATP values were higher in the mutant kinesinsResults and Discussion
compared to wild-type Eg5. The slow turnover of the
motor made Kcat determination difficult, requiring 30In the past decade studies in yeast have led to an ap-
min incubations. In addition, the influence on these pa-pealing model for how the mitotic spindle may assemble
rameters of full-length Eg5’s ability to crosslink and bun-[2, 7]. This model draws similarities between spindles
dle microtubules was not estimated. Third, we deter-and muscles and suggests that the spindle could be
mined equilibrium microtubule binding constants withthought of as a muscle that can both push and pull.
a cosedimentation assay [17] and found them to beDifferent motor proteins that glide microtubules in oppo-
comparable (Figure 1F). Together, these in vitro studiessite directions can counterbalance each other’s activi-
indicate that Eg5-F113H is more similar to wild-type Eg5ties to keep spindle poles apart at fixed distances. More
than Eg5-T114S is, providing two levels of perturbationsrecent work in other systems has also provided support
of Eg5 motor function.for this model [6, 8–10]. While this provides an important
starting point for building more complete and even
quantitative models for how spindle shape, size, and Centrosome-Dependent Bipolar Spindle Formation
assembly rate are determined, it has not been directly in the Presence of Eg5 Mutants
tested in vertebrates. The vertebrate BimC kinesin Eg5 To examine the role of Eg5 motor function in bipolar
has been shown to be capable of gliding microtubules spindle formation, we used spindle assembly assays in
in vitro and is described as a slow, microtubule plus- Xenopus egg extracts in which DNA and centrosomes
end directed kinesin [3, 4, 11–13]. Based on the motor’s had been replicated [18]. An advantage of this system,
as compared to other model systems such as budding
yeast, is that the influences of activities outside the*Correspondence: kapoor@rockefeller.edu
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Figure 1. Design and Characterization of Eg5 Motor Mutants
(A) Schematic of full-length tetrameric Eg5 with four motor domains (ovals).
(B) Structure of the nucleotide binding pocket of the human Eg5 motor. Phe-113 and Thr-114, proximal to the adenosine ring in this structure,
are highlighted. Phe-113 and Thr-114 are conserved in Xenopus Eg5 and were mutated to histidine and serine, respectively.
(C) Coomassie-blue stained, purified recombinant Eg5 proteins, wild-type (1), Eg5-F113H (2), and Eg5-T114S (3), resolved by SDS-PAGE.
(D) Microtubule motility. Average microtubule-gliding velocities for wild-type Eg5, Eg5-F113H, and Eg5-T114S (ten microtubules, 2 mM ATP).
(E) ATPase activity. Rate of Eg5-dependent microtubule-stimulated ATP hydrolysis at different ATP concentrations fit to a hyperbola (Eg5:
0.5 M; microtubules: 5 M).
(F) Microtubule affinity. Relative Eg5 concentration in the supernatant after pelleting Eg5-microtubule complexes, at different microtubule
concentrations fit to a hyperbola (2 mM ATP). Values for wild-type Eg5 (triangles), Eg5-F113H (squares), Eg5-T114S (circles) are shown in (E)
and (F). Average ( SD) values are shown for each parameter (n  3).
spindle, such as the cell cortex or the nuclear envelop, wild-type: 31.5  4.9 m, 51 structures, n  3 experi-
ments) (Figures 2B and 2D). The remaining structuresare not present, and spindle-intrinsic mechanisms can
be examined. For these assays, endogenous Eg5 was had one spindle pole focused and the other disorga-
nized (Figure 2E) (hereafter named “bipolar*” [Figureimmunodepleted from the extracts to greater than 97%
(from Western blot analyses, a 40-fold excess of de- 2G]). However, comparable structures were also ob-
served in the presence of wild-type Eg5 at lower fre-pleted extract relative to control extracts was loaded;
data not shown). As expected, monopolar spindles as- quency (9%) (Figure 2C), suggesting that these bipo-
lar* structures may be intermediates of normal spindlesembled in Eg5-depleted extracts (Figure 2A) [3, 12].
Fraction of bipolar spindles that formed in depleted ex- assembly (also see [19]). Immunostaining revealed that
Eg5-T114S targeted to spindles and, like wild-type Eg5,tract to which recombinant wild-type Eg5 was added
was comparable to that in mock-depleted extracts (Fig- concentrated at spindle poles relative to tubulin (see
Supplemental Data available with this article online, Fig-ure 2H).
We next examined the spindle structures that formed ure S1), suggesting that reduction in motor activity does
not affect Eg5’s targeting to spindles. This result is alsoin egg extracts after the endogenous Eg5 was replaced
with Eg5 mutants. Analysis revealed that spindles as- consistent with our previous findings using the Eg5 in-
hibitor monastrol [13]. These data indicate that with re-sembled with Eg5-F113H were indistinguishable from
those assembled with wild-type Eg5 (data not shown), duced motor activity, Eg5 is sufficient to assemble nor-
mal bipolar spindles, albeit with reduced efficiency. Theyindicating that small changes in motor activity do not
result in a detectable perturbation of spindle assembly. also suggest that Eg5 motor activity contributes to mi-
crotubule organization at spindle poles.We then focused on Eg5-T114S, where the motor activity
compared to wild-type Eg5 is reduced more drastically. Eg5 is believed to play an important role in centrosome
separation [6]. To examine if the spindle phenotypes weIn the presence of Eg5-T114S, 77  12% of the struc-
tures had a bipolar organization. Approximately two- observed in the presence of Eg5 mutants resulted from
improper centrosome separation, we immunostainedthirds of these bipolar structures were morphologically
similar to spindles that form in wild-type Eg5, and they -tubulin to detect centrosomes in spindle structures
assembled in egg extracts. In Eg5-depleted egg ex-had comparable lengths (Eg5-T114S: 30.7  3.6 m;
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Figure 2. Role of Eg5 Motor Function in Bipolar Spindle Assembly in the Presence of Replicated DNA and Centrosomes
(A–E) Images of representative structures formed in Eg5-depleted egg extract supplemented with buffer alone (A), wild-type Eg5 (B and C),
or Eg5-T114S (D and E). In recombinant Eg5 add-back experiments, normal bipolar spindles (B and D) and bipolar spindles with only one
focused pole (classified as bipolar*) (C and E) were observed (percentages shown).
(F) Western blot analysis of Eg5 levels in each spindle assembly reaction compared to tubulin levels as a control.
(G) Graphic representations of categories of observed spindle structures (tubulin: red; DNA: blue).
(H–I) Quantitation of observed spindle structures. Half spindles in monopolar, bipolar, and bipolar* structures were counted (600 structures,
n  3 experiments). Bipolar and bipolar* structures are shown together as totals (H) or as separate categories (I). For clarity, structures that
do not fall into these categories are not shown. The scale bar represents 5 m.
tracts, puncta of -tubulin were found at the center of centrosome dependent, we used centrosome-indepen-
monopolar spindles, consistent with centrosomes not dent spindle assembly assays with DNA-coated beads
separating without Eg5 (Figures 3A–3D). In bipolar* [21]. As previously reported, spindles that formed in
structures that assembled in Eg5-T114S, bright puncta Eg5-depleted egg extracts were monopolar spindles
of -tubulin could be found at the focused pole, but with DNA beads aggregated at their centers (Figure 4A)
either little or no staining was seen at the unfocused [19]. In the presence of Eg5-T114S, more bipolar* struc-
pole (23/24 structures, Figures 3E–3H). These data also tures were observed than in the presence of wild-type
show that bipolar* structures are morphologically similar Eg5 (Figures 4B–4G), consistent with Eg5-motor activity
to “monoastral bipolar spindles” that assemble in Dro- playing an important role in centrosome-independent
sophila cells with mutations in the BimC gene [20]. These spindle pole formation. These results are consistent with
data raise the possibility that pole focusing and there- studies examining Eg5 function in Xenopus egg extract
fore spindle assembly may be compromised when Eg5 [3], the organization of taxol-stabilized microtubules into
motor activity is reduced potentially as a result of im- monopolar asters in vitro [22] and in silico modeling
proper centrosome separation. studies [23, 24].
Because bipolar* structures were also observed in
the presence of wild-type Eg5 and are likely to be on-Centrosome-Independent Spindle Assembly
around DNA Beads in the Presence pathway intermediates of bipolar spindle formation, we
considered the possibility that Eg5 motor activity con-of Eg5 Mutant
To determine whether the lack of pole focusing in spin- tributes to the rate of spindle assembly. To test this, we
examined structures that formed at different stages ofdles assembled in Eg5 with reduced motor activity is
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Figure 3. -Tubulin Staining in Spindles Assembled in the Presence of Replicated DNA and Centrosomes
Spindles assembled in the presence of recombinant Eg5 proteins were processed for immunofluorescence. A monopolar spindle assembled
in Eg5-depleted egg extracts (A–D) and a bipolar spindle with one unfocused pole assembled in the presence of Eg5-T114S (E–H). -tubulin
alone (A and E), tubulin alone (B and F), and overlays (C and G) (-tubulin: green; tubulin: red; and DNA: blue). Regions highlighted in (C and
G) are enlarged (5) showing -tubulin staining alone (D and H). The scale bar represents 5 m.
centrosome-independent spindle assembly. We found lators of Eg5 function include cyclin B/Cdc2 [5], Aurora
A kinase [27], and the Ran-GTP/RCC1 pathway [28].that the fraction of bipolar* structures decreased over
time in the presence of wild-type Eg5, resulting in mostly Determining how these different mechanisms modulate
Eg5 motor activity to control the rate of spindle assemblynormal bipolar structures at 60 min (Figure 4H). In the
presence of Eg5-T114S, at all time points examined, the in early embryonic cycles is an important goal for further
research.fraction of normal bipolar spindles was lower than that
observed in the presence of wild-type Eg5. These data
Supplemental Dataindicate that Eg5 motor activity directly contributes to
Supplemental Data including Experimental Procedures and an addi-the rate of spindle assembly.
tional figure are available at http://www.current-biology.com/cgi/
content/full/14/19/1783/DC1.
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Figure 4. Eg5 Motor Activity Affects the Rate of Centrosome-Independent Spindle Assembly
(A–E) Representative images of spindle structures assembled around DNA-coated beads in Eg5-depleted egg extracts supplemented with
buffer control (A), wild-type Eg5 (B), and Eg5-T114S (C–E) (tubulin: red; DNA beads: green).
(F) Western blot analysis of Eg5 levels in each spindle assembly reaction (-Eg5, -tubulin as control).
(G) Quantitation of spindle structures formed in each reaction (T  60 min, 300 structures counted per condition, n  4 experiments).
For quantitation, spindle structures in (A) were classified as monopolar, as normal bipolar (B and C), and as bipolar* (D and E; structures with
unfocused pole[s]). (H) Comparison of spindle structures observed at three time points (at approximately 40 min, 50 min, and 60 min) during
spindle assembly in the presence of wild-type Eg5 and Eg5-T114S. For clarity, only quantitations for normal bipolar and bipolar* structures
are shown. (Total structures counted 550 per condition per time point, n  4 experiments). The scale bar represents 5 m.
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